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Introduction
Hepatocellular carcinoma (HCC) is one of the most common tumors worldwide, and its incidence is increasing [1] . In 80% of patients, HCC is associated with chronic liver diseases such as hepatitis or cirrhosis, which have major effects on prognosis and therapeutic preferences [2] . Non-surgical percutaneous ablation therapy such as percutaneous ethanol injection, microwave coagulation, and radiofrequency ablation (RFA) have been introduced and currently play an important role in HCC treatment [3, 4] .
Irreversible electroporation (IRE) is a newly developed non-thermal ablation procedure. It uses millisecond electrical pulses to induce nanoscale defects that increase cell membrane permeability. The procedure induces apoptosis without harming the extracellular matrix; as a result, the structural components of the tissues are preserved [5] .
In recent years, the rapid development and clinical translation of cancer immunology and cell culture technology has seen the emergence of cellular immunotherapy, a safe and effective treatment that is playing an increasingly important role in comprehensive treatment for cancer and that is evolving into the fourth major treatment modality for cancer behind surgery, chemotherapy, and radiotherapy [6] [7] [8] . Adjuvant cellular immunotherapy, e.g., that uses natural killer (NK) cells, are critical innate immune system components; they are essential in early host anti-cancer defense [9] . As the field of NK cell biology has progressed and the elucidation of NK function has advanced, encouraging anti-tumor effects on several cancers by adoptive NK cell transfer [10] , such as in liver cancer [11] [12] [13] , have been reported.
We performed the present retrospective study to compare how combined comprehensive IRE plus NK cell immunotherapy and IRE alone would affect hepatic tumors. For liver tumors of diameter > 5 cm; initial treatment with transarterial chemoembolization (TACE) was performed once or twice to debulk the tumor to 5 cm. We used post-diagnosis overall survival (OS) as the chief evaluation index for measuring the survival time of patients with stage IV HCC; adverse effects were recorded and classified in accordance with the Common Terminology Criteria of Adverse Events (CTCAE) v4.0.
Materials and Methods

Ethical Standards
All procedures performed in studies involving human participants were in accordance with the ethical standards of Guangzhou Fuda Cancer Hospital ethics committee and with the 1964 Declaration of Helsinki.
Ethics
The Regional Ethics Committee of Guangzhou Fuda Cancer Hospital, China, granted ethical approval for the study protocol. Written informed consent was obtained from every participant in accordance with the Declaration of Helsinki.
Patient selection
Between October 2015 and July 2017, 40 patients with stage IV HCC were enrolled in the study. The patients were divided equally into IRE and IRE plus NK cell (IRE-NK) treatment groups.
The enrolled patients met the following eligibility criteria: 1~2 significant liver tumors; surgery and chemotherapy were deemed unsuitable in any of the following situations: Karnofsky performance status (KPS) score ≥ 70, white blood cell count ≥ 3 × 10
IRE
The patients were subjected to gastric decompression plus endotracheal intubation. General anesthesia was induced. Computed tomography (CT) was undertaken; the target region was demarcated. Ultrasound was used to guide the insertion of 2-3 electrodes. Another CT image was taken to confirm correct electrode placement, and then IRE was synchronized to deliver electrical pulses coordinated with cardiac rhythm to prevent cardiac dysrhythmia.
Typically, the electrodes were 1.5-2 cm apart. One or more pullbacks were performed if the target region was >2 cm in diameter. The baseline and highest heart rate were recorded during IRE by electrocardiography, and subsequently, any arising arrhythmias were documented.
For precise monitoring of systolic blood pressure (SBP), we performed invasive blood pressure measurement via the femoral artery; if the SBP was >40 mmHg during ablation or >190 mmHg at any given time, the electrical pulses were suspended for 2-3 min. If there was no obvious decrease in SBP after 2-3 min, 2-5 mg phentolamine was administered.
After covering the entire tumor region, a repeat CT of the upper abdomen was performed to secure bleeding, pneumothorax, and/or other acute complications. Eventually, the patient was awakened by the anesthesiologist and observed overnight in the intensive care unit.
One day after IRE, the patients were moved to the general ward once we had confirmed that there were no acute complications. However, if such complications occurred, symptomatic treatment was initiated.
NK cell therapy
For NK cells culture, after isolated PBMC from whole blood, using the Human HANK Cell In vitro Preparation Kit (Hank Bioengineering Co., Ltd, Shenzhen, China), including the lethally radiated K562-mb15-41BBL (K562D2) stimulatory cells [14] , plasma treatment fluid, lymphocyte culture fluid additives, serum-free medium additives and cell infusion additives. It is dedicated for the expansion and activation of NK cells in peripheral blood or umbilical cord blood mononuclear cells in vitro, the preparation of NK cells with higher quantity, purity and activity, namely HANK cells [15] . The final cell count and quality control inspection were performed at day 9 of culture, and the qualified indicators included proportion of living cells ≥ 90%, proportion of CD56+CD3-cells ≥ 85% (detection by flowcytometry was shown previously [15] ), endotoxin content ≤ 1 EU/ml, cell viability ≥ 80% (K562 cells were used as target cells, cytotoxicity assay was shown previously [15] ), Bacteria, fungi and mycoplasma culture negative. 80 ml peripheral blood from allogenic donors was drawn 7 days before IRE and the immunotherapy was given 3 days after IRE. Approximately 8-10 billion HANK cells may be harvested after culture from 80 ml of peripheral blood. After 12 days of cell culture, the NK cells were divided into three groups and intravenously infused into the patients from Day 13 to 15. All cell preparation processes were performed by the same technician and assessed by another technician. Each patient must two cycles NK therapy continuously as a course.
For donor selection, the killer cell immunoglobulin-like receptors (KIRs) genotyping should be mismatched to the human leukocyte antigen (HLA) class I molecules of the patient [15] [16] [17] [18] [19] . We used PCR-SSP to detect the KIR/HLA-Cw which can get the result on the day.
TACE
Twenty-five patients with hepatic tumors of >5-cm diameter underwent TACE as described previously [20] [21] [22] . A second TACE was performed if the tumor showed no shrinkage 2 weeks after the first procedure. Here, the therapeutic protocol dictated that large hepatic tumors (≥5 cm diameter) be treated initially with TACE and that considerable size reduction be observed prior to IRE.
IRE-NK therapy
All of the enrolled patients' kinsfolk were informed, and the peripheral blood was collected for NK cell isolation 7 days before IRE. IRE was carried out on day 9, and the cultured NK cells were infused intravenously from days 13 to 15 (Fig 1) .
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Safety evaluation index Adverse events and complications
All adverse events and complications were observed closely as we have described previously [14] .
Curative effect evaluation index
Immune function 2 mL peripheral blood was drawn to detect immune function and was assessed using flow cytometry (FACSCanto™ II; BD, Grand Island, NY, USA). The tested indices included lymphocyte number and function in the patients' peripheral blood. BD multitest 6-color TBNK reagent (no. 644611) was used to detect the number of CD3 Cytokine Kit II (no. 551809) was used to detect the expression levels of interleukin-2 (IL-2; 95% range: 8-12.5 pg/mL), IL-4 (95% range: 3.5-6 pg/mL), IL-6 (95% range: 2.7-8.5 pg/mL), IL-10 (95% range: 1.8-4 pg/mL), tumor necrosis factor (TNF; 95% range: 1.7-2.5 pg/mL), and interferon-γ (IFN-γ; 95% range: 1.5-4 pg/mL). The tests were performed according to the protocols in the instruction manuals. Results above or within the reference range were defined as normal immune function; one or more results below the reference range were defined as immune dysfunction. Peripheral blood drawn was 1 day before IRE and 3 days after IRE or IRE-NK.
Circulating tumor cell (CTC) test
Approximately 7.5 ml blood was drawn by vein puncture from the 40 patients. The samples were stored at room temperature and processed within 6 h after collection. Briefly, mononuclear cells were separated from other blood components using human peripheral blood lymphocyte separation liquid (Tianjin Haoyang Biological Manufacture Co., Ltd, Tianjin, China) and centrifuged at 1800g for 20 min at 4°C. Interface cells were removed and washed, and red blood cells were removed using BD Pharm Lyse TM (Becton Dickinson, San Jose, CA, USA).
After separation of blood using human peripheral blood lymphocyte separation liquid, mononuclear cells were washed twice with sterile Hank's balanced salt solution (Life Technologies, Shanghai, China). Isolated cells were enriched by binding to magnetic CD326 (Ep-CAM) MicroBeads (Miltenyi Biotech Ltd, Bergisch Gladbach, Germany) using magnetic activated cell sorting (MACS). Enriched isolated cells were then labeled with monoclonal antibodies targeting the epithelial cell antigens CD45, CD326 and cytokeratin8, 18 and 19 (Miltenyi Biotech Ltd) and incubated in the dark at room temperature for 12 min. Antibodies specific for leukocytes (CD45) labeled with phycoerythrin (10 ml), specific for epithelial cells (cytokeratin8, 18 and 19) labeled with fluorescein isothiocyanate (10 ml) and specific for epithelial cells (CD326/Ep-CAM) labeled with allophycocyan (10 ml) were added per 7.5 ml whole blood. Cell pellets were resuspended in 500 ml PBS and counted by flow cytometry using a BD FACSCanto TM II apparatus (Becton Dickinson, San Jose, CA, USA). Cells that were CD45 negative, CK positive and CD326 positive were defined as CTCs.
Assessment of hepatic functional reserve
Blood samples were obtained from the patients in the morning after overnight fasting. Testing was performed every 1-3 days until the patients were discharged. Five time points were used: 1 day before IRE and 1, 3, 7, and 30 days postoperatively. Hepatic function was determined with a Hitachi 7100 automated biochemical analyzer (Tokyo, Japan) and commercial kits (BioSino Bio-Technology and Science Inc., Beijing, China). The normal ranges for the measured parameters are as follows: alanine aminotransferase (ALT), 1 . IRE-NK therapy procedure. 80 ml peripheral blood was collected from the 40 patients for NK cell harvesting 7 days before IRE. IRE was carried out at day 9; at day 12, the NK cell culture was complete, and the cells were infused intravenously at day 13-15. IRE, irreversible electroporation. 
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Alpha-fetoprotein (AFP)
Serum was harvested 1 day before treatment and 3 days, 1 month, and 3 months after treatment. Serum AFP was detected using an electrochemical luminescence immunity analyzer and accessory kit (Roche Cobase 411). AFP normal range: 0-20 ng/ml.
Imaging change
The treatment results were evaluated by imaging changes in the largest transverse diameter. The total areas of all tumors were compared before and after treatment. The recent curative effect had to be maintained for more than 4 weeks.
Follow-up
The patients underwent plain CT and enhanced CT 1 week before treatment, and were followed at 1 and 2 months after treatment. The endpoint of interest was OS.
We calculated the OS as the interval between the IRE or IRE-NK date and the date of any-cause death. We monitored the patients consistently post-treatment manually and using intelligent follow-up systems.
Statistical analysis
We recorded complications and classified them using CTCAE v4.0. We also evaluated local tumor control and OS.
We used criteria for image-guided tumor ablation to assess radiographic local tumor control [23] . We performed ultrasonography of the thorax and/or abdomen 1 day and 1 week after treatment. We performed follow-up dynamic CT at 1 month; subsequently, it was performed at 3-4-month intervals.
We compared the two groups' basic characteristics using the chi-square test; we report immunity detection data as the mean ± standard deviation; we compared imaging changes using Student's t-test; we marked local and systemic adverse events in the nursing records, and the chi-square test was used to compare them.
We used Dunnett's test to compare the OS of the two groups. OS between the groups was compared with the Kaplan-Meier test with log-rank analysis. P < 0.05 or P < 0.01 indicated significant differences. We used GraphPad (GraphPad, San Diego, CA, USA) for the statistical analysis.
Results
Clinical data
In this study, 28 men and 12 women received IRE and/or TACE. The age range was 31-77 years; the mean age was 55 years. Twenty-five and three patients had a history of hepatitis B and C infection, respectively.
Seventeen patients had originally been treated with surgery; 15 patients had received systemic chemotherapy elsewhere; the 40 patients received further treatment at our hospital 5-12 months after diagnosis of stage IV HCC. The two groups' data were compared according to the American Joint Committee on Cancer (AJCC) 7th edition; their demographics did not differ statistically (Table 1) .
Safety evaluation
All hepatic lesions were treated with IRE; sessions were performed successfully. No severe complications (such as ruptured or hepatic failure, myoglobinuria, or acute renal failure) were reported post-IRE. Several mild adverse effects occurred, but the affected patients eventually recovered with or without symptomatic management ( 
Clinical efficacy Detection of immune function
We compared the lymphocyte count and function before and after treatment: all patients' pre-treatment data were merged and compared with post-treatment data ( Table  3 ). The IRE-NK group had significantly higher lymphocyte subset counts after treatment, particularly NK cells (P < 0.001); the group also had higher Th1-type cytokine levels, while that of Th2-type cytokines were largely unaffected. 
Changes in CTC numbers
Peripheral blood CTCs were analyzed in all 40 patients before and after HCC treatment (Fig 2) . One day before IRE, the mean CTC number was 48.24 ± 8.346; at 7 and 30 days after treatment, the mean CTC number was 35.64 ± 7.268 and 19.54 ± 6.312, respectively; that for the IRE-NK group was 49.16 ± 6.354, 29.63 ± 7.324, and 15.92 ± 5.648, respectively. There was an obvious difference in CTC numbers between the two groups at 7 and 30 days after treatment (P < 0.05).
Changes in hepatic function
In both groups, serum transaminase values increased promptly, peaking 1 day after treatment, and then declining steadily 3 and 7 days and 1 month after treatment (Fig 3) . The two groups did not differ after treatment on day 3 and 7 (P > 0.05); however, the IRE-NK group had lower ALT and AST values 1 month after treatment compared to the IRE group (Fig  3A, 3B ; P < 0.05). There was no obvious change in serum bilirubin between the two groups. The normal value of ALT is 5-40U/L, and 8-40U/L to AST. 
Changes in AFP
In both groups, AFP expression was higher than normal 1 day before treatment and decreased gradually 3 days and 1 month and 3 months after treatment (Fig 4) . There was no difference between the groups 3 days after treatment (P > 0.05), but at 1 month and 3 months after treatment, AFP expression was obviously lower in the IRE-NK group (Fig 4, P < 0 .01), even though 11 who patients received IRK-NK therapy had normal-range values.
Clinical response
The clinical response was observed 3 months after treatment. Table 4 lists the transverse diameters (maximum). Both groups had visibly decreased tumor volume after treatment; however, the IRE-NK group had a smaller maximum tumor diameter than the IRE group 3 months after treatment (P < 0.01). No patient died during follow-up; six patients in the IRE group and two patients in the IRE-NK group had progressive disease (PD) (P < 0.05, Table 5 ). The IRE-NK group had a higher disease control rate (DCR) (90%) than the IRE group (75%, P < 0.01), but relative risk (RR) between the groups did not differ (P > 0.05). 
Follow-up
At the last follow-up date, the median OS in the IRE-NK and IRE group was 10.1 and 8.9 months, respectively. The IRE-NK group had significantly longer OS than the IRE group (P < 0.01, Fig 6) .
Discussion
The majority of patients with advanced hepatic cancer have unresectable tumors [24, 25] . The treatment options for patients with stage IV hepatic tumors are chemoembolization, RFA, chemotherapy, targeted therapy, and other palliative therapies [26] . Thermal ablation with RFA or microwave ablation (MWA) is the standard of care therapy for selected small hepatocellular cancers not responsive to surgical resection [27] , but heat sink and collateral damage are its limitations [28] .
IRE uses a high-voltage field to create nanopores in the target cell membrane, which disrupts the internal and external homeostasis and consequently kills the cell via apoptosis; adjacent tissues, e.g., the nerves, vessels, gallbladder, and bile duct, are not affected by heat sink and it may result in less collateral damage based on its mechanism of action. Moreover, it has the potential to preserve venous structures in close proximity to the ablation zones.
IRE is practical and safe for ablation in hepatic adenocarcinoma [29] . In a prospective, nonrandomized study, Cheung et al [30] . reported their experience treating 18 HCC lesions in 11 patients. No serious complications were reported despite seven of 18 lesions being adjacent to important structures or organs (i.e., portal vein, hepatic vein, heart, colon, duodenum, and gallbladder). On unresectable and metastatic pancreatic cancers, the results are promising, with markedly increased clinical efficacy and OS [31] .
Here, CT after treatment showed that the gallbladder, bile duct, and surrounding tissues were unaffected by IRE. The effectiveness and safety outcomes of IRE were good. However, metastases are present in the great majority of patients with stage IV disease; therefore, IRE is only able to treat the primary tumors and has a limited possible beneficial role against advanced metastasis of hepatic tumor cell metastasis. Furthermore, hematogenous spread is an important avenue of promoting HCC metastasis; the distant metastasis theory states that hepatic cells are introduced by micrometastases to the surrounding tissues, lymph Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry nodes, and peripheral blood, and consequently are able to reach any tissue or organ. Hence, after IRE, we administered NK cell infusion to the patients according to the objectives of our research; subsequently, the IRE-NK cell combination had a remarkable synergistic effect, and greatly improved the anti-tumor effects, augmenting the patients' immune functions significantly and increasing OS, an apparent demonstration of the clear-cut improvements of the clinical efficacy. Furthermore, the patients tolerated the treatment well. Numerous analyses in recent years have shown that tumor immune responses influence cancer formation and progression in advanced hepatic cancer [32] , indicating the possible effectiveness of immune-based therapy as a cancer treatment option.
As a part of the innate immune response, NK cells recognize and lyse cells lacking major histocompatibility complex (MHC) molecules by activating their receptors, such as NKG2D, NKp30, NKp40, and NKp46. Consequently, tumor cells are more susceptible to NK cells due to the lack of MHC class I molecules [33] .
NK cells express KIRs (killer cell immunoglobulin-like receptors), which prevents NK cells from killing tumor cells expressing their own MHC class I molecules. NK cells treatments can be autologous and allogeneic treatments. For example, only some patients with glioma achieve partial response (PR) following treatment with autologous NK cells [34] ; yet, the same treatment resulted in no clinical effects in some patients with recurrent metastatic carcinomas and lymphoma [35, 36] . Therefore, many studies in recent years have examined allograft NK cells (instead of self-NK cells) for exploring adoptive immunotherapy of cancer. Therefore, we focused on allogeneic NK cell therapy in the present study and achieved good results.
Currently, there is an ongoing series of allogeneic NK cell therapy clinical trials [37] . The in vitro amplification of allogeneic NK cells plus chemotherapy for ovarian cancer, breast cancer recurrent metastasis, and renal cell carcinoma has produced clinical curative effects [38] [39] [40] .
Conclusion
In summary, our single-center, retrospective study demonstrates that allogeneic NK cell therapy plus percutaneous IRE benefits outcomes and improvement for patients with hepatic cancer, which yields a substantial therapeutic pattern for stage IV HCC.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
